Although neurotrophins (NTs) have been extensively studied as neuronal survival factors in some areas of the central nervous system, little is known about their function or cellular targets in the hypothalamus. To understand their functional significance and sites of action on hypothalamic neurons, we examined the effects of their cognate ligands on neuropeptide content and messenger RNA (mRNA) expression in somatostatin neurons present in fetal rat hypothalamic cultures. Treatments were performed in defined insulinfree medium between days 6 and 8 of culture, since the maximal effects of NTs on somatostatin content and mRNA expression were observed after 48-h incubations. Brain-derived neurotrophic factor and NT-3, but not nerve growth factor, induced a dose-dependent increase in somatostatin content, which was influenced by plating density. The same treatment increased somatostatin mRNA and immunostaining intensity of somatostatin neurons, but had no effect on the number of these labeled neurons. The increased levels of somatostatin (peptide and mRNA) induced by NTs were not blocked by tetrodotoxin or by glutamate receptor antagonists, suggesting that endogenous neurotransmitters (e.g. glutamate) were not involved in these effects. In contrast, the stimulatory effects were completely blocked by K-252a, an inhibitor of tyrosine kinase (Trk) receptors, whereas the less active analog K-252b was ineffective. Double-labeling studies demonstrated that both TrkB or TrkC receptors were located on somatostatin neurons. Our results show that, in rat hypothalamic cultures, brain-derived neurotrophic factor, and NT-3 have a potent stimulatory effect on peptide synthesis in somatostatinergic neurons, likely through direct activation of TrkB and TrkC receptors. (Endocrinology 140: 909 -916, 1999) T HE NEUROTROPHIN (NT) family, a group of structurally related neurotrophic factors, all expressed in neurons of the central nervous system, includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), NT-3, NT-4/5, and NT-6 (1-6). Their biological effects are mediated by high-affinity tyrosine kinase (Trk) receptors, although all bind to a low-affinity receptor (p75) (7). NGF binds to TrkA receptors, BDNF preferentially activates Trk B receptors, whereas NT-3 mainly interacts with TrkC receptors but also stimulates TrkB receptors. Trk receptor activation initiates differentiation and survival processes in selected neuronal populations (8).
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Within the hypothalamus, moderate levels of BDNF, low levels of NGF, and no NT-3 messenger RNA (mRNA) have been localized in adult or newborn rats (9 -15) . It is noteworthy that, besides the hippocampus, the hypothalamus is the region where the highest levels of BDNF protein are found in adult rat brain (16, 17) . In situ hybridization studies have shown that, in adult rats, TrkB and TrkC mRNA are expressed in most cells of all hypothalamic nuclei, whereas
TrkA mRNA is rarely detected in the hypothalamus (13, 18) . In RT-PCR studies, we detected the expression of the three high-affinity receptor mRNAs in adult hypothalamus (15) . Despite this huge body of morphologic data, suggesting an important autocrine or paracrine role in the hypothalamus, little is known (19, 20) about the function or target neurons of NTs in this structure.
As a first step toward understanding the putative role of NTs in the hypothalamus, we examined the long-term effects of NTs on somatostatin synthesis, because NTs increase the expression of some neuropeptides in other structures of the central nervous system (21) . We thus examined the effects of Trk receptor activation by their cognate ligands (NGF, BDNF, or NT-3), in terms of their possible involvement in regulating somatostatin expression (peptide content or mRNA accumulation) in primary cultures of hypothalamic neurons. We also investigated whether the effects observed were direct or meditated by endogenous neurotransmitters.
Materials and Methods

Hypothalamic cell cultures
Primary cultures were prepared by mechanoenzymatic dissociation of fetal (day 17) Sprague Dawley rat hypothalami, as previously described (22) , with necessary modifications. Briefly, cells were plated in 35-, 22-, or 16-mm plastic culture dishes (Falcon, Lincoln Park, NJ) for immunocytochemical analysis or to measure RNA or somatostatin content, respectively. Dishes were previously coated with poly-d-lysine (10 g/ml; 220,000 mol wt) and preincubated for 1 h with 10% FCS in MEM (Grand Island Biological Co., Grand Island, NY). Unless indicated, cells were seeded in growth medium composed of MEM supplemented with 10% Nu serum (Collaborative Research, Lexinton, MA), insulin (5 g/ ml), glucose (0.6%), glutamine (2 mm), penicillin-streptomycin (2.5 U/ml), adjusted to pH 7.4 with 5 mm HEPES. Cultures were maintained at 37 C in a humid atmosphere (95% air-5% CO 2 ). The proliferation of nonneuronal cells was inhibited by treatment with 10 m cytosinearabinoside for 48 h between days 4 and 6 after plating. After 6 days culture, the growth medium was replaced by a defined serum-free medium. This insulin-and NT-free medium was essentially that described by Bottenstein and Sato (23) and adjusted to pH 7.4 with 5 mm HEPES. For time-course studies, cells were plated and grown in defined serum-free medium. For all other treatments, after changing the medium to serum-free conditions, cultures were exposed for 48 h to the different concentrations of either BDNF (generously provided by Regeneron Pharmaceuticals, Inc., Tarrytown, NY), or NGF and NT-3 (generously provided by Genentech, Inc., San Francisco, CA). Experiments were performed after 8 days culture (DIV), because we previously showed that somatostatin mRNA levels are stabilized at this point (24) . In our previous studies, we also observed that the amounts of somatostatin secreted in the medium were always approximately 1% of those contained in the neurons. The cellular somatostatin content can be taken as a reliable criterion for somatostatin production.
Somatostatin RIA
Cellular somatostatin content was determined in evaporated aliquots (20 l) of cell homogenates extracted from individual dishes in 1 m acetic acid. Immunoreactive somatostatin was determined by a sensitive RIA (22) , carried out in the same tube to minimize peptide loss. Binding curves were run in tubes containing 20 l of evaporated 1N acetic acid. The assay has a sensitivity of 1 pg/ml, and the antiserum (N°2044), which was used at 1:70,000 dilution, was generously provided by the Institut Pasteur (Paris, France). The intra-and interassay coefficients of variation were 6.1% (n ϭ 15) and 7.4% (n ϭ 12), respectively.
RNA extraction from primary cultures
Total RNA was extracted from hypothalamic neuronal cultures using the procedure of Peppel and Baglioni (25) , optimized for RNA extraction from cultured cells.
Antisense digoxigenin-labeled RNA probes
Steady-state levels of somatostatin mRNA were quantitated by Northern blot analysis of cellular RNA using an antisense nonradioactive digoxigenin-labeled complementary RNA (cRNA).
A somatostatin probe was constructed by inserting a fragment of rat preprosomatostatin cDNA into the expression vector pSP65 (26) . The vector containing the somatostatin cDNA insert was linearized with SalI and a digoxigenin-labeled antisense RNA probe transcribed with an SP6 polymerase.
A 28S ribosomal RNA (rRNA)-specific riboprobe was used as internal standard to establish the specificity of treatments and the relative amounts of RNA in each sample. This probe was transcribed from a cDNA template (pTRI-RNA-28S) purchased from Ambion, Inc. (Austin, TX) and consisted of a 115-bp human 28S rRNA gene fragment. The linearized plasmid was transcribed using T7 RNA-polymerase.
Digoxigenin-labeled antisense somatostatin and 28S rRNA probes were prepared using the DIG RNA-labeling kit, according to the manufacturer's instructions (Boehringer Mannheim, Meylan, France), with a minor modification (addition of 30 mm dithiotreitol) to improve labeling efficiency. RNA accumulation was expressed as mean Ϯ sem of arbitrary densitometry units. Ratios between somatostatin mRNA vs. 28S rRNA hybrydization were calculated to estimate the effects of each treatment, which were then expressed as percentages of control ratios obtained in the absence of NT treatment.
Northern blot analysis
Ten micrograms of total RNA was electrophoresed in 1.1% denaturing agarose gel (6.6% formaldehyde, 1 ϫ 4-morpholino-propane-sulfonic acid), and capillary blotted on nylon membrane (Biodyne A; 0.2 m, Pall, Portsmouth, UK) at room temperature with 10 ϫ SSC. After RNA blotting, the membrane was baked at 120 C for 30 min to fix the RNA. Prehybridization was carried out at 68 C for 1 h using a solution containing 50% formamide, 5 ϫ SSC, 2% blocking reagent (Boehringer Mannheim), 0.1% N-lauryl sarkosine, and 0.02% SDS. Hybridization was performed at 68 C for 16 h in the same buffer containing the denatured digoxigenin-cRNA probes, 100 ng/ml for somatostatin and 15 ng/ml for 28S rRNA. Membranes were washed twice for 5 min in 2 ϫ SSC and 0.1% SDS at room temperature and twice for 15 min at 68 C in the same washing buffer. The last washing was carried out under stringent conditions, i.e. at 68 C in 0.1 ϫ SSC and 0.1% SDS for 25 min.
Chemiluminescent signal detection was performed using the CDP-Star detection kit according to the manufacturer's instructions (Boehringer Mannheim). After exposure, Kodak X-O-Mat AR films (NEN Life Science Products, Inc., Boston, MA) were analyzed by quantification using Sigma Chemical Co. gel software (Jandel Scientific Software GmbH, Erkrath, Germany).
Immunocytochemical procedures
Single immunostaining. The procedure used was described previously (27) . Cultures were fixed by 1-h incubation in 4% paraformaldehide in 0.1 m phosphate buffer at pH 7.4. After careful rinsing in PBS, they were treated for single staining of somatostatin. The antiserum used was a rabbit IgG polyclonal antibody against somatostatin (N°2044, kindly provided by the Institut Pasteur) at 1:2000 dilution in PBS containing 0.1% Triton X-100, 1% BSA, and 1% normal goat serum. After 12-h incubation with the primary antibody, cultures were rinsed in PBS and incubated for 2 h in a corresponding secondary antibody conjugated to fluorescein (goat antirabbit IgG antibody, Sigma Chemical Co.), 1:200 dilution. Immunostained cultures were observed and photographed under a Zeiss axioskop fluorescence microscope in 24 nonadjacent fields per culture, and the number of immunostained neurons was counted. The histochemical specificity of the antibody was confirmed by the complete disappearance of immunostaining when cultures were incubated without primary antibody or with the primary antibody previously adsorbed with synthetic somatostatin (50 g/ml diluted antibody). Double immunostaining. After being fixed as described above, cultures were incubated with two primary antibodies, including: 1) a rat IgG monoclonal antibody against somatostatin (Chemicon, Temecula, CA, 1:50 dilution); and 2) one of the two rabbit IgG polyclonal antibodies against TrkB and TrkC (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, diluted 1:200). After 12-h incubation with primary antibodies, cultures were rinsed in PBS and incubated for 2 h with two secondary antibodies against rat and mouse IgG coupled to fluorescein and Cy3, respectively. Primary and secondary antibodies were diluted, as described above, in PBS containing 0.1% Triton X-100, 1% BSA, and 1% normal goat serum. Double-immunostained cultures were observed under a fluorescence microscope equipped with the appropriate fluorescence filters.
Statistical analysis
The results were analyzed with a one-way ANOVA, followed by Barlett's test.
Results
Time-course study
To address the question of whether NTs stimulate somatostatin expression, we examined the effects of 16-, 24-, or 48-h exposure of hypothalamic neurons (density: 2 ϫ 10 5 cells/cm 2 ) to 30 ng/ml of NGF, BDNF, or NT-3 on peptide content. Figure 1A shows that maximal peptide increase was observed after 48-h exposure to BDNF or NT-3. To determine whether the NT-induced peptide augmentation was correlated with increased somatostatin mRNA, we measured the cellular accumulation of mRNA under similar experimental conditions. Figure 1B shows that the stimulatory effect of BDNF on somatostatin mRNA levels had a similar pattern to that obtained for somatostatin content. Moreover, when BDNF was added to the incubation medium for 6 or 8 days, somatostatin immunoreactivity or mRNA levels were not significantly different from those measured after 2-day treatments. NT-3 presented the same kinetic patterns, whereas NGF had no effect at any time or concentration used (results not shown). Thereafter, the time selected to study the effects of NTs on somatostatin expression was 48 h between days 6 and 8 in vitro.
Dose-response effect of BDNF and NT-3 on somatostatin content and influence of cell plating density
Under the indicated experimental conditions (i.e. neuronal density 2 ϫ 10 5 cells/cm 2 ), when cultures were treated with 30, 70, or 140 ng/ml of NTs, the magnitude of the response was not dose-dependent (results not shown). One explanation was that possible endogenous cellular production of NTs could have masked the effect of the exogenous addition; or, secondly, a maximal effect might have already been reached at the lowest concentration studied. According to the former hypothesis, a decrease in the plating density of the cultures would thus lead to better NT stimulation. Consequently, cultures prepared with plating densities of 2, 1.5, 1, or 0.5 ϫ 10 5 cells/cm 2 were exposed for 48 h to 70 ng/ml of NTs. Interestingly, the maximal response elicited by BDNF or NT-3 was obtained at a density of 1 ϫ 10 5 cells/cm 2 ( Fig.  2) . In agreement with the first hypothesis formulated above, when cells were plated at a density of 1 ϫ 10 5 cells/cm 2 , BDNF and NT-3, within the 5-140 ng/ml range, induced dose-dependent responses with maximal effects at 70 ng/ml of BDNF (Fig. 3b) or NT-3 ( Table 1 ). The stimulatory effect of BDNF on somatostatin content was significantly higher than that induced by NT-3. Under the same experimental conditions, BDNF and NT-3 significantly (P Ͻ 0.01) stimulated somatostatin mRNA accumulation ( Fig. 3a and Table  1 ), whereas NGF was ineffective in stimulating the peptide content (Fig. 2 ) or mRNA levels (Fig. 4) . BDNF presented a slightly higher efficacy than NT-3 in stimulating somatostatin mRNA. At the lowest plating density used (0.5 ϫ 10 5 cells/cm 2 ), NTs had no effect either on intracellular peptide content or on mRNA levels. Thereafter, the cell density selected was 1 ϫ 10 5 cells/cm 2 .
Increased somatostatin turnover by BDNF and NT-3 treatment
We attempted to gain insight into the mode by which NTs increased somatostatin expression. Three possible situations could be proposed: first, NTs may promote the survival of somatostatinergic neurons; second, NTs may stimulate so-FIG. 1. Time-course study of BDNF and NT-3 on somatostatin synthesis. A, NTs (30 ng/ml) were added 16, 24, and 48 h before peptide extraction, which was performed at day 8 of culture; B, neurons were exposed to BDNF (30 ng/ml) during 2 (6 DIV), 6 (2 DIV) and 8 days (plating day) before peptide or mRNA extraction in a defined, serumfree, insulin-and NT-free medium. Steady-state somatostatin mRNA levels were quantitated by Northern blot analysis of cellular RNA using an antisense nonradioactive digoxigenin-labeled cRNA. A digoxigenin-labeled 28S rRNA-specific riboprobe was used as internal standard. The chemiluminescent signal was detected using the CDPStar detection kit, and RNA accumulation was expressed as arbitrary densitometry units. The results are presented as ratios of somatostatin mRNA to 28S rRNA hybrydization, which are then expressed as percentages of control ratios obtained in the absence of NT treatment. After peptide extraction in 1 M acetic acid, aliquots (20 l) were evaporated and assessed for somatostatin content, by RIA. The results are means Ϯ SEM of three determinations from three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. control. matostatin turnover and thus increase somatostatin mRNA and peptide content in somatostatinergic neurons; and third, NTs may change the phenotype of silent neurons that could start synthesizing the peptide after treatment. To test these hypotheses, control and NT-treated neurons were immunocytochemically stained with a specific antibody against somatostatin and then counted. Table 2 shows that the number of somatostatin-positive neurons did not change after NT treatment. However, qualitative staining differences were observed, by light microscopy, between treated and untreated (70 ng/ml) cultures (Fig. 5) . In control cultures (Fig.  5A ), fibers were rarely labeled; and in immunostained perikarya, labeling was essentially associated with punctiform perinuclear structures, probably corresponding to the Golgi apparatus, which has been shown to contain high somatostatin concentrations (28) . In contrast, the whole perikarya and all fibers were intensely labeled in numerous BDNF-or NT-3-treated neurons (Fig. 5, B and C) .
Trk involvement in NT-induced somatostatin expression
To investigate potential involvement of Trk receptors in the stimulatory effects of BDNF and NT-3, described here, we inhibited Trk activities with K252a or K252b, two structurally related Trk receptor inhibitors (29, 30) . Cultures were treated for 48 h with the inhibitors alone or added at the same time as the NTs. K252a (100 nm) completely blocked the stimulatory effects of BDNF (Fig. 6a) and NT-3, whereas K252b (1 m) had no effect on the BDNF-induced mRNA accumula- FIG. 3 . Dose-response effect of BDNF on somatostatin mRNA and on somatostatin content. Hypothalamic neurons were cultured for 6 days in vitro and then exposed to the indicated concentrations of BDNF for 48 h in a defined, insulin-free medium. Somatostatin mRNA was quantitated by Northern blot analysis, and somatostatin content was assessed by RIA, as indicated in Fig. 1 . Controls are equal to 100%, and the data are expressed as a percentage of control levels. Values indicate means Ϯ SEM of three independent experiments performed in triplicate. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. control. Hypothalamic neurons were cultured for 6 days in vitro and then exposed to the different concentrations of NT-3 for 48 h in a defined insulin-free medium. Somatostatin mRNA was quantitated by Northern blot analysis, and somatostatin was assessed by RIA, as indicated in Fig.  1 legend. Controls (without NT-3) are considered as 100%, and the data are expressed as a percentage of control levels. Results are means Ϯ SEM of six or seven replicates from three independent experiments. a P Ͻ 0.05 vs. control.
FIG. 4. Northern blot analysis of somatostatin mRNA in control (C)
and in BDNF-, NT-3-, and NGF-treated neurons. After 6 days in vitro, cultures were exposed for 48 h to 70 ng/ml of BDNF, NT-3, and NGF in a defined insulin-free medium. Total RNA was isolated as described in Materials and Methods. Cultures were grown for 6 days and then exposed or not (Control), for 48 h, to 70 ng/ml BDNF or NT-3 in defined, insulin-free medium. After immunofluorescence detection of somatostatin, cells were counted in 24 fields of each well in three independent experiments, each performed at least in triplicate. The results are expressed as somatostatin cell number per mm 2 Ϯ SEM.
tion (Fig. 6b) . K252b added alone did not significantly influence somatostatin mRNA content, whereas K252a had a weak (but significant) inhibitory effect.
Direct effect of NTs on somatostatin neurons
Three approaches were used to study whether the stimulatory effect of NTs on somatostatin gene expression was direct or secondary to the action of NTs on other neurons present in the cell cultures: 1) The effects of BDNF and NT-3 were examined in the presence of tetrodotoxin (TTX, a specific voltage-dependent sodium channel blocker) to reduce possible indirect effects induced via nearby neuronal depolarization; 2) The effects of glutamate receptor antagonists on BDNF-induced effects were studied; and 3) We looked for the presence of NT receptors on somatostatin neurons. Neither TTX (1 m) (Fig. 7) nor a broad range of glutamate receptor blockers modified somatostatin mRNA accumulation induced by BDNF (Fig. 8) or NT-3 (results not shown) . Indeed, when the glutamate receptor antagonists MCPG (a metabotropic receptor antagonist), DNQX or MK-801 (two ionotropic receptor antagonists), tested at 1 mm, 100 m, and 10 m concentrations, respectively, were applied simultaneously with BDNF or with NT-3, somatostatin mRNA levels were the same as those measured in the presence of NTs alone. Double immunohistochemical staining of cultured hypothalamic neurons revealed that both TrkB (Fig. 9 , A and A') and TrkC (Fig. 9, B and B') receptors were located on somatostatinergic neurons. 
Discussion
We have demonstrated that BDNF and NT-3 have a potent and specific stimulatory effect on hypothalamic somatostatinergic neurons. In our hands, BDNF was more efficient than NT-3 in stimulating somatostatin content. Considering the high levels of BDNF in the adult rat hypothalamus (17) and the high expression of BDNF mRNA in the periventricular nucleus of adult rat hypothalamus (15) , where hypophysiotropic somatostatin is synthesized, our results provide serious evidence of a physiological role of this NT in this structure. Indeed, we observed that a 48-h treatment of cultures with BDNF or NT-3 significantly increased cellular somatostatin content and steady-state somatostatin mRNA levels in primary cultures of hypothalamic neurons. The specificity of this effect was highlighted by the lack of any increase in somatostatin content in NGF-treated cultures. Furthermore, these data are in line with the results of previous studies, where NGF was shown to have no effect on peptidergic neurons (31) . Examination of somatostatinimmunopositive neurons, after BDNF or NT-3 treatment, indicated no change in the number of somatostatin neurons; but the immunoreactivity in each somatostatin neuron was intensified, suggesting that the somatostatin level was increased in each neuron by NTs. NTs thus seemed to stimulate somatostatin turnover. Our data were consistent with previous reports conducted on fetal mesencephalic or whole brain neurons, indicating no change in the overall cell number of dopaminergic (32) or NPY (31) neurons after BDNF treatment. Our present observations thus indicated that stimulation of somatostatin production was the primary effect of BDNF, rather than promoting the survival of somatostatin neurons, at least at this developmental period.
At present, we do not know whether NTs act at transcriptional or posttranscriptional levels. A better understanding of the mode of action of NTs on peptide biosynthesis would require further studies, including analysis of mRNA stability or investigation of possible effects on transcription, through nuclear run-on experiments. NT activation of Trk receptors involves multiple second-messenger pathways that may underlie these effects. Recent studies indicated that the transcription factor cAMP response element-binding protein (CREB) is an important regulator of BDNF-induced gene expression in cortical neurons and hippocampal slices (33) . On the other hand, we previously showed that cAMP increases somatostatin biosynthesis, in experiments conducted in a similar paradigm, with fetal rat hypothalamic cells, or in clonal isolates of NIH-3T3 fibroblast cells transfected with the rat somatostatin gene (34) . CREB may therefore be one of the signaling pathways by which BDNF activates somatostatin gene expression in hypothalamic neurons. In agreement with this hypothesis, Montminy et al. (35) demonstrated the presence of a cAMP-responsive element within the rat somatostatin gene.
NT effects in the hippocampus, brain cortex, or other extrahypothalamic regions in the central nervous system have been thoroughly studied (36 -38) . For instance, previous studies showed that NTs enhance the development of septal cholinergic neurons (39) , hippocampal neurons (40), striatal GABAergic neurons (41) , and mesencephalic dopaminergic neurons (32, 42) . However, in the hypothalamus (where they might play a major role during the development of neuroendocrine neurons) or in the adult animal, in different physiological situations, very few data are available (12, 14, 20) .
In vivo administration of BDNF in newborn rat brain increases the contents of neuropeptide Y, substance P, somatostatin, enkephalin and cholecystokinin in brain cortex, striatum, and hippocampus (21) . Intraventricular injection of BDNF linearly increased the expression of somatostatin mRNA in the anterior neocortex, reaching maximum levels at 48 h, whereas the same doses of NGF had no influence on neuropeptide levels (21) . In contrast, these authors failed to detect any marked influence of BDNF on somatostatin or neuropeptide Y expression in the hypothalamus. In addition to the major fact that completely different methods were used (in vivo vs. in vitro methods), the differences, relative to our results, could be explained in at least three ways. Nawa et al. (21) found a relatively restricted area of action of BDNF, close to the cannula route implanted into the lateral ventricle. Consequently, diffusion of BDNF to the third ventricle could be limited, and no significant amounts of BDNF would be delivered to the hypothalamus. A second explanation is that, at birth, peptidergic neurons may have reached their maturity and lost their plasticity, with respect to neuropeptide expression, whereas this plasticity may still be possible in fetal hypothalamic neurons. This possibility is made less likely by the observation that infusions of BDNF in the cortex of adult rat produced elevations of somatostatin peptide and somatostatin mRNA (43) . The third and most likely explanation is that, at neonatal stages, endogenous NT levels are sufficient to ensure peptidergic expression, and exogenous administration of NTs would therefore not further alter the peptide phenotype. In the present study, using appropriate densities of fetal dissociated neurons, we demonstrated a positive regulatory role of NTs on hypothalamic neurons secreting somatostatin. In this way, NTs could even amplify their trophic action, because somatostatin itself was also reported to be a trophic factor in PC12 cells (44) .
The present data provide strong evidence that the effect of NTs on somatostatinergic neurons is direct and is not dependent upon the release of other endogenous substances released by the cultures. In fact, TTX, a specific voltagedependent sodium channel blocker, as well as a broad range of glutamate receptor antagonists, did not prevent BDNF or NT-3-mediated induction of somatostatin. Glutamate might have been a good candidate, in view of previous data showing that BDNF increases K ϩ -evoked glutamate release in cultured cortical neurons (45) . NGF is also able to induce a rapid increase in both spontaneous and K ϩ -evoked glutamate release in synaptosomes from adult rat hippocampus (46) or in hippocampal embryonic neurons (47) . Because we have shown that glutamate stimulates somatostatin synthesis through NMDA-type receptors (27), we examined its possible mediation in the stimulatory effect of NTs. In addition, very recent data show that BDNF, NT-3, and NGF modulate NMDA receptors, through the glycine site in cultured hippocampal and striatal mouse neurons (48), suggesting another possibility of glutamate-mediated mechanisms. The present pharmacologic experiments clearly indicated that glutamate is not involved in the stimulatory effects of NTs in hypothalamic somatostatinergic neurons. Further evidence of a direct effect of NTs was obtained in double immunocytochemical staining experiments, revealing that TrkB and TrkC receptors were located on somatostatinergic neurons. The activation of Trk receptors by BDNF and NT-3 was confirmed by experiments using K-252a, a potent Trk inhibitor. In our hands, K252b did not inhibit BDNF-induced somatostatin mRNA expression. In agreement with our results, in rat hippocampal slices, K252b was ineffective in blocking BDNF-mediated synaptic responses (49) . In the present work, we did not look for the presence of the low-affinity P75 NTR receptor; but its involvement is unlikely, because NGF did not affect the biological responses measured here. This is further supported by the fact that K252a blocks the two parameters analyzed, somatostatin content and somatostatin mRNA. However, we cannot totally rule out the potential role of other endogenous neurotransmitters released through a TTX-insensitive mechanism in the BDNF-and NT-3-induced stimulations. In conclusion, our data represent the first evidence of a specific effect of NTs on a peptidergic neuronal population at the hypothalamic level. These results provide evidence that NTs, at least in part, directly regulate somatostatin gene expression. This study highlights the fact that cultured hypothalamic neurons, secreting somatostatin, express functional receptors responding to BDNF and NT-3 and could thus be considered as a choice model to investigate action mechanisms involved in the long-term effects of NTs.
